1972.-The purpose of this investigation was to detect possible age-related differences in the ability of the heart to deal with stress. Forty-five open-chest male Wistar rats at 6, 12, and 24 months of age were used in this study. Work performance of the heart was tested by increased preloading with dextran infusion. Although a trend was suggested, this difference was not significant, nor did the left ventricular end-diastolic pressure (LVEDP) or the mean stroke volume at LVEDP 10 cm Hz0 differ between the three age groups. Cardiac performance was also tested by increased afterloading with angiotensin II infusion. The increment of left ventricular work index during infusion was found significantly smaller in 24-month rats than in 6-and 12-month rats, despite a higher LVEDP (P < 0.005). The ratio of left ventricular weight to body weight and estimated left ventricular volume to body weight were significantly higher in the older group (P < 0.05). Limited oxygen availability and left ventricular dilatation and hypertrophy may partially account for the lower work capacity of the heart in the older rats during increased afterloading. aging; cardiac work; angiotensin II; dextran
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aging; cardiac work; angiotensin II; dextran IT IS WELL KNOWN THAT WITH ADVANCING AGE a Significant reduction of physiological reserve often occurs in various organ systems (27) . Yet, the basic mechanism involved in aging is quite unclear. Considerable experimental data have been accumulated from rats in relation to aging. Few of these have involved assessment of cardiac function, but important changes in the cardiovascular system have been reported.
Electrocardiographic studies have shown an increase in duration of P-R and QRS intervals, left axis deviation, and increased incidence of cardiac arrhythmias (2, 10, 16). Everett ( 10) has reported a decrease in the heart rate with age in both healthy rats and those with pulmonary disease. Berg and Harmison (3) have found that the blood pressure in rats increases with age and the incidence of hypertension is greater in males than in females. Friedman et al. (11) also have noted that older rats have higher blood pressure than younger rats of the same body weight.
In isolated heart preparations, the work performance of the heart was found to be lower in 24-month than 12-monthold rats after 45 min of perfusion (28) . Others have also reported that old hearts deteriorate more rapidly in heart-lung preparations (29) . The heart weight in relation to body weight increases with advancing age, and the ratio at different ages is higher in females than in males (3). However, Shreiner et al. (29) have reported that a relative left ventricular hypertrophy associated with dilatation occurs only in old male and old exbreeder females and that it does not develop in young rats or old virgin females.
The present experiments were conducted with the principle aim of determining whether there are detectable agerelated differences in the ability of the heart to deal with hemodynamic stress in open-chest animals which are otherwise intact.
METHODS

Experimental
animals. Six-month, 12-month, and 24-month-old male Wistar rats, weighing 300-600 g, were supplied by the rat colony at the Gerontology Research Center, National Institute of Child Health and Human Development located at Baltimore City Hospital. They were fed ad libitum with Purina laboratory chow and were housed in groups of five or six in wire-bottom suspended cages 24 cm wide, 24 cm long, and 18 cm high. The animal room was maintained at constant temperature of 24.5 C and relative humidity of 60 %. All rats were moved to the laboratory 1 week prior to the experimental time. These animals were usually very resistant to disease. However, care was taken with respect to selection of the subjects used in this study. Several criteria were used: 1) no serious skin infection;
2) no nasal discharge;
3) normal respiratory rhythm; 4) body weight not strikingly abnormal for the age group of the animal, and 5) no other apparent sign of disease. Surgical preparation and experimental design. All rats were anesthetized by intraperitoneal injection of sodium pentobarbital (20-40 "g/kg). The trachea was cannulated to insure adequate ventilation, and 95 % oxygen and 5 % carbon dioxide were given under intermittent positive pressure with a Harvard constant-volume respirator.
Rectal temperature was kept constant (38 rt 1 C) with a heating pad and measured with a thermistor control unit. The left common carotid artery was cannulated with a polyethylene catheter (PE-60) for recording arterial blood pressure. A PE-90 catheter was passed down the right jugular vein into the right atrium for recording right atria1 pressure. The right femoral artery and vein were cannulated with PE-50 and PE-60 tubing, respectively.
The femoral vein catheter was connected to a Harvard infusion pump (Fig. 1) .
The heart was exposed through a median sternotomy and the pericardium was opened widely. The ascending aorta was cleared between its root and the origin of the innominate artery. An electromagnetic flowmeter transducer (2 mm id) was placed with the proximal edge as near as possible to the aortic valve (Fig. 1) . Instantaneous aortic flow was measured with a pulsed logic electromagnetic flowmeter (model BL-612, Biotronex Laboratory, Inc.). Since flow in the aorta is negligble during diastole (neglecting coronary flow), this was used for in vivo zeroing of the flow transducer.
The Aowmeter system was calibrated in vitro, using an excised section of aorta and whole blood.
Left ventricular pressure was measured by means of a specially constructed catheter (a PE-60 polyethylene tubing 3 mm in length attached to a 5-cm length of PE-100) which was inserted into the left ventricular cavity through the apex (Fig. 1) 
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in rats of d@erent ages. The mean I value for heart rate declined somewhat between 6 and 12
The left ventricular pressure pulse was recorded with high amplification permitting accurate measurement of end-diastolic pressure (LVEDP).
The LVEDP for each measurement was determined by averaging five consecutive ventricular pulses. All mean pressures were determined by electrical integration through an R-C circuit with a time constant of 1 sec. Heart rate was determined from the ventricular pulse pressure records by counting the number of pressure pulses occurring in a 5-set interval. In order to eliminate baroreceptor reflexes, bilateral vagotomy was performed, and the connective tissue and nerve fibers around the carotid sinus and aortic arch were also stripped and painted with 10 % phenol in ethanol. After all cannulation and surgical procedures were completed, 0.5 ml heparin (3 mg/ml, iv) was administered to prevent clotting in the catheter. A IO-min period was allowed for the animal to achieve a steady hemodynamic state and control measurements were obtained.
Increased left ventricular afterloading was produced by giving angiotensin II (Hypertensin, Ciba), 25 pg/ml iv at a rate of 0.55 ml/min.
When the arterial pressure increased to the highest steady-state level (peak response), the angiotensin was discontinued. A period of 10 min was allowed for the animal to reach a new control level. Cardiac work was then augmented by giving isotonic 6 % dextran solution intravenously at a rate of 8.6 ml/min. When the mean aortic flow reached its highest steady level (peak response), the dextran infusion was discontinued.
After all experimental procedures were completed, each rat was quickly killed by an overdose of sodium pentobarbital, iv. The heart was excised, cleaned, and weighed. months of age (Table l) , but no further difference was observed between 12-and 24-month rats. The mean arterial pressure was higher in the 24-month rats than the 6-or 12-month rats (P < 0.05). A significant elevation of the average left ventricular end-diastolic pressure was observed in the older rats (P < O-01), while the stroke work index was unchanged. There was a significantly higher right atria1 pressure in the 12-and 24-month rats.
Efect of angiotensin II on cardiovascular dynamics in d&rent age rats. The arterial pressure, aortic flow, left ventricular enddiastolic pressure, and right atria1 pressure usually started to rise about 25 set after the angiotensin infusion was begun ( Fig. 2A) . After 70 set, the arterial pressure reached a maximal plateau level (peak response). There was no significant age-related difference in initial response time or the peak response time. However, there was a much greater increase of LVEDP with a smaller pressure rise in the older animal (Fig. 2B) . The hemodynamic data related to angiotensin II infusion obtained from 45 male rats in the 3 age groups (15 rats/ group) are presented in Table 1 . There was a significant augmentation of the left ventricular work index (LVWI) in rats of all ages. In 6-month animals the mean value of LVWI increased by 115 % from control to. peak response (Fig. 3) In 12-month rats the average increase was 104%, but in the older animals it increased only 49 % from control level. Thus, the percentage increase of LVWI from control to peak response was considerably lower in 24-month rats than in either the 6-month (P < .005) or 12-month rats (P < .005j.
The stroke work index (SWI) also increased significantly from control to peak response in all groups during angiotensin II infusion (Table 1 ). In the 6-month and 12-month rats SW1 increased more than 80% above control at peak response, and no significant difference was found. However, in the 24-month group the increase was only 47%, which was significantly less than the younger animals (P < 0.01) (Fig. 3) . Aortic flow did not change in the 6-and 12-month animals, but a significant (8.5%) decrease was found in the older group (P < 0.05). The mean arterial pressure of both 6-month and 12-month-old rats increased about 110% during angiotensin II infusion. In contrast, the 24-month rats showed a significantly smaller increase (75 %, P < 0.01). Peripheral resistance increased in all animals (Table l) , but no significant difference was found between the groups.
The left ventricular end-diastolic pressure increased significantly in all age groups (Table 1 ). In the 6-month rats, the increase was from 1.8 to 5.7 mm Hg (P < .OOl), and in the 12-month group from 3.1 to 7.2 mm Hg (P < .005). In the 24-month group the LVEDP rose to a much greater extent, from 3.3 to 17.6 mm Hg at peak response (P < .OOl). There was no significant change in heart rate or right atria1 pressure at peak response in any of the age groups.
Effect of rapid infusion by-isotonic 6% dextran on hemodynamics in dzyerent age rats. No appreciable difference in the pattern of cardiovascular responses to rapid dextran infusion was observed between 6-, 12-, and 24-month-old rats. A representative experiment from the older group is shown in Fig. 4 . The mean aortic flow, left ventricular end-diastolic, and right atria1 pressures rose gradually after beginning the infusion, while the heart rate and peripheral resistance showed only minor changes. The mean arterial pressure (MABP) varied in individual rats during dextran infusion. Usually, there was an initial increase which 20-30 set later started to level off, and in some animals began to decline. Mean aortic flow usually reached its maximum level (peak response) about 70 set after the infusion was started. Time-to-peak response did not differ in relation to age.
The results of 45 experiments with the 3 age groups are given in Table 2 . The hemodynamic responses to preloading, unlike those elicited by angiotensin II infusion, showed little age dependency.
Thus, at peak response, mean arterial pressure rose 20 % in 24-month rats, 34 % in 12-month rats, and 37 % in 6-month rats. The smaller increase in older rats falls at the borderline of significance (P = 0.05). Left ventricular minute work and stroke work increased in all groups, but the apparently greater increase in young rats did not attain statistically significant levels (Fig. 5) . Aortic flow increased about 110 % (P < .OOl). Peripheral resistance fell 37 % (P < .OOl) and heart rate fell about 14 % (P < .05) at peak response. None of these changes differed significantly with relation to age. Left ventricular function curves also failed to demonstrate differences between the three age groups. A representative curve from an animal in each group with the same body weight is shown in the left panel of Fig. 6 . In order to facilitate comparison of curves among the different age groups, the stroke volume ejected at a LVEDP 10 cm Hz0 (SV,,) was obtained by extrapolation, as shown in the right panel of Fig. 6 , the mean SV10 of 6-, 12-, and 24-month-old rats were 0.165 & 0.01 ml, 0.178 =t 0.015 ml, and 0.170 =t 0.015 ml, respectively.
None of these values was significantly different.
Aging efects on rat body weight, heart weight, and left ventricular volume. Body weight tended to increase with age (Table  1 ). The differences were small and only when 6-month rats are compared to the 24-month group was the increase significant (P < .OZ). Heart weight increases were more striking, however, and the age groups were all significantly different (P < .OOl). Th e increment of wet heart weight with advancing age resulted from a mass increase in all parts of the heart. The left ventricular weight increased from 0.8 g at 6 months to 0.9 g in the Wmonth group, and to 1.1 g in the 24-month-old rats (Fig. 7) . The estimated left ventricular volume was also found to increase significantly with advancing age. The mean left ventricular volume increased from 183.6 mm3 at 6 months to 218.3 mm3 at 12 months and to 267.5 mm3 in the 24-month-old rats. Furthermore, as shown in Fig. 7 , the ratio of left ventricular weight to body weight and estimated left ventricular volume to body weight increased with age. In the 24-month-old rats both ratios were significantly greater than 6-and Q-month rats (P < .05). 
DISCUSSION
Cardiac output and heart rate decrease with age in the : human, presumably consequent to decreased metabolic rate, g reduced physical activity, and peripheral muscle atrophy cn o., (26). In the present study, the mean value of aortic flow of 24-month-old male rats was only slightly lower than that of 6-and 12-month-old rats, and the difference attributable to age was considerably less than in human studies (6, 18, 19) ' or in isolated rat heart or heart-lung preparations (28) (29) (30) One portion of this study was designed to assess the work performance of the heart at different ages during augmented ventricular preloading. At peak response left ventricular work increased more than 100 % above control levels, and there was no significant age difference in the increment. When cardiac performance was evaluated by ventricular function curves, there was no evidence for a change of contractility with age. Therefore, the Frank-Starling relations did not differ demonstrably in any group. These observations are consistent with isolated cardiac muscle studies. Grodner, Pool, and Braunwald ( 14) have recently reported that the length-tension relationship, the velocity of shortening, maximum isometric tension, maximum rate of force development, and the time-to-peak tension of right ventricular papillary muscle from male rats did not diminish with advancing age ( 150-1,000 days). They concluded that cardiac contractile function did not deteriorate with age. Weisfeldt, Loeven, and Shock (33) also noted no significant difference between young ( 1 l-l 3 months) and old (26-3 1 months) rats in the length-tension curves of trabeculae carneae of the left ventricle.
However, the duration of contraction, time-to-peak tension, and relaxation time at maximum isometric tension were significantly longer in muscles from the older group. No experimental data are available to describe the ability of the isolated cardiac muscle of the old rats to respond to catecholamines or to altered metabolic conditions, such as low Po2. The other portion of this study was designed to assess cardiac performance during increased afterloading produced by infusion of angiotensin II. This agent augments the resistance to ventricular ejection, primarily by constricting peripheral vascular beds, and to a lesser extent cerebral and coronary vessels ( 1, 2 1). It has minimal direct effects upon the heart (4, 9).
This approach has proved a useful test for detecting impairment of myocardial function in man (22, 23). The normal left ventricle responds with an increased stroke work and a minimal rise in left ventricular end-diastolic pressure. In the failing or depressed heart the end-diastolic pressure rises markedly, while the stroke work either remains constant or declines (22, 23) . In the present study the 6-and 12-month-old male rats showed a large increase in the stroke work index with angiotensin II, accompanied by only a slight elevation of left ventricular end-diastolic pressure. In the 24-month rats the stroke work index increased less, but end-diastolic pressure increased much more than in the younger animals. Thus, the older hearts were less able to deal with the increased pressure load, despite an augmentation of diastolic fiber length.
Cardiac compensatory mechanisms for meeting increased circulatory demands may include tachycardia, increased diastolic filling and systolic emptying, and dilatation and hypertrophy.
In the present study the ratio of left ventricular weight to body weight, and the estimated left ventricular volume to body weight were found significantly higher in old rats than in young rats. For example, myocardial fibers in the wall of a dilated ventricle must develop greater tension in order to produce a given pressure within the ventricle according to the Laplace law (P = T/R). Moreover, the oxygen requirement of a dilated heart is increased, since myocardial oxygen consumption correlates with total fiber tension, and the latter is a function of both the intraventricular pressure and the mean radius of the ventricle.
The hypertrophied heart may also be at a disadvantage because of the modified myocardial contractility (5, 3 1). Furthermore, the diffusion distance for oxygen and other metabolic substance from the capillaries to the center of the enlarged myocardial fibers is increased (24). Coronary blood flow increases relatively less than the mass of muscle in hypertrophy (25). These changes may be concealed if 02 diffusion is not importantly impaired as in old rat hearts (32), and because the heart rate decreases and the relaxation time increases with age ( 15). This may provide the myocardium with more time to receive sufficient oxygen and metabolic substrates to maintain normal function.
The increased ventricular work engendered by dextran infusion resulted mainly from an increase of cardiac output, while the elevated work load with angiotensin II was primarily due to augmented arterial pressure. Katz ( 17) has pointed out that in the intact animal, cardiac oxygen consumption increases when cardiac work is augmented by pressure loading, but the oxygen demand is only minimally increased, unchanged, or even reduced when this is accomplished by elevating cardiac output.
Under basal conditions myocardial oxygen extraction is more than 60 %, which to some extent limits additional oxy- 
